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Preface

At the request of the National Aeronautics and Space Administration,
the Space Science Board undertook a study of the behavioral, psycho-
logical, physiological, and medical factors of manned space missions
of up to two years’ duration. The Study was organized and conducted
under the chairmanship of Donald B. Lindsley, with the assistance of
a Steering Committee. Following briefings and planning meetings in
1967-1968, the Committee surveyed the many interlocking factors
involved in long-duration missions and identified those specialists
most qualified to write on them. The invited papers were completed
in 1970 and then were incorporated into the nine topical chapters of
this report by the Steering Committee. The Study’s major recom-
mendations are contained in Chapter 1; these are supplemented by
more specific recommendations at the end of each chapter.

We are grateful to all who participated in the Study and acknowl-
edge with appreciation the support of the National Aeronautics and
Space Administration. '

CHARLES H. TOWNES, Chairman
Space Science Board
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Introduction

The space age began on October 4, 1957, when the Soviet Union put
the first earth-orbiting vehicle, Sputnik 1, into space. The United
States followed with Explorer 1 on February 1, 1958. A spirit of
competition dominated the early years, with investment of national
pride and international reputation, rapidly mounting scientific goals,
and the will to explore the unknown. Substantial engineering and
technological achievements were required to convey even a small ob-
ject into earth orbit, and even greater advances were required to pro-
pel, guide, and control a space vehicle capable of projecting man into
space and returning him safely. In addition to heat and radiation
shielding, numerous life-support devices had to be created and tested;
hardware and procedures had to be perfected for launch, flight, and
recovery before human life could be risked even in suborbital flight.
Many unmanned satellites and test vehicles were launched during
the following few years. In general, the Soviet Union, with initially
greater launch-vehicle capacity, concentrated on larger and heavier
payloads and on probes deeper into space. The United States, with
less launch-vehicle capacity, concentrated on smaller payloads and
sought a variety of data on the upper atmosphere and space. Many
engineering and scientific data important to future manned missions
were gathered by both countries. Among these were animal flights.

1



2 HUMAN FACTORS IN LONG-DURATION SPACEFLIGHT

ANIMAL FLIGHTS

As in the case of many medical discoveries of the past, tribute must
be paid to the role of animals in the pretesting of human life-support
provisions during flight as well as during launch and recovery of the
space vehicle. Almost a decade before the first satellites, the Aero-
medical Research Laboratory of the Holloman Air Force Base in New
Mexico conducted what may have been the first successful animal ex-
perimentation in space. The monkey, Albert 2, was lofted 83 mi above
earth in a V-2 rocket on June 14, 1949. His heart rate, blood pressure,
and respiratory rate were monitored, and although he survived the
flight, the space vehicle’s parachute failed to open on landing, and he
died on impact. Several animals, including a monkey, survived a flight
to an altitude of over 44 mi in an Aerobee rocket on September 20,
1951, and were recovered alive, although the monkey died of heat
prostration and shock shortly after recovery. On May 21, 1952, two
monkeys became the first primates to reach the upper extremes of
the earth’s atmosphere in tests of the effects of reduced gravity and,
together with mice exposed to cosmic radiation, survived the experi-
ence without significant aftereffects.

The Soviet Union also carried out animal tests in rockets with para-
chute recovery during the late 1940’s and the 1950’s, utilizing dogs
trained by Pavlovian conditioning methods. On November 3, 1957,
the dog Laika became the first animal to orbit the earth in a protec-
tive environmental capsule aboard Sputnik 2. Telemetered data
proved that life in space was possible, but Laika was sacrificed after a
few days when the capsule’s life-support facilities were exhausted. No
provision had been made for the recovery of the satellite, and it re-
mained in orbit until decay on April 14, 1958.

The United States, after a considerable lapse in successful animal
flights, while preparing for manned Mercury missions, sent the rhesus
monkey, Able, and the squirrel monkey, Baker, into space to an alti-
tude of 300 mi in a 1500-mi trajectory in an Army Jupiter inter-
mediate-range ballistic missile on May 28, 1958. They were recovered
alive after having attained a speed of 10,000 mph and demonstrated
that a species close to man could survive a high rate of acceleration as
well as a brief period of weightlessness.

As another prelude to the manned Mercury suborbital flights soon
to follow, the monkey, Sam, was lofted from Wallops Island, Virginia,
on December 4, 1959, to an altitude of 53 mi. He survived without
ill effects despite a rough landing and 6 h of tossing in the Atlantic
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Ocean before recovery. On January 20, 1960, Miss Sam, another mon-
key, safely survived high-g loads in a low-altitude flight to 48,900 ft
in a successful test of the Mercury-launched parachute escape system.

The Russian dogs, Strelka and Belka, were launched into orbit with
Sputnik 5 on August 19, 1960, and their performance in flight was
telemetered and observed via television camera during a trip that
lasted for 18 earth orbits. They were safely recovered and later bore
litters of healthy puppies. In conjunction with this and other flights
in 1960-1961, including Sputnik 6 which contained 2 dogs, 2 guinea
pigs, 2 rats, 26 mice, fruit flies, seeds, and other biological materials,
the Soviet Union pursued an intensive program to determine the ef-
fects of the space environment on living things. The dog, Chernuska,
was carried in Sputnik 9 on March 9, 1961, and the dog, Zvezdochka,
in Sputnik 10 on March 25, 1961. Both these flights were considered
successful pretests of the Vostok-type vehicle, which was the first to
carry man into space.

The United States put the chimpanzee, Ham, aloft for 16 min in a
successful pre-Mercury, suborbital capsule test on January 31, 1961.
On November 29, 1961, the monkey, Enos, was successfully flown
in a Mercury-Orbital space-systems test.

The importance of these preliminary animal flights and experi-
ments is stressed because they played a significant role in safeguarding
man’s initial ascent into space. Likewise, the testing of the effects of
lowered gravity, radiation, vibration, and numerous other factors upon
other living organisms and the testing of life-support and automatic-
control features of the spacecraft were essential to the manned mis-
sions that were to follow.

Still later, after the first manned missions, as a test for extended
duration in space, the Soviet Union successfully orbited the dogs,
Ugolyek and Veterok, for 23 days in Cosmos 110, launched on Feb-
ruary 22, 1966, and recovered on March 16.

In 1966, the United States began a series of long-delayed Biosatel-
lite flights. Six had been projected, but only three were flown before
the program was canceled. Biosatellites 1 and 2 were concerned with
fundamental biology, including the effects of weightlessness and radi-
ation on plant and animal growth, genetic processes, and other cellu-
lar and biochemical changes. Biosatellite 1, launched December 14,
1966, whose experimentation apparently went according to schedule,
was not recovered due to failure of retrofire during re-entry. Biosatel-
lite 2, launched September 7, 1967, was recovered on September 9,
one day short of schedule, because of impending earth weather con-
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ditions. Although it made only 30 of the 46 planned orbits, it pro-
vided valuable data on basic questions in space biology. These, how-
ever, were only indirectly relevant to manned flights.

On June 28, 1969, a male nemestrina monkey named Bonny was
launched into earth orbit in Biosatellite 3. The flight was planned to
answer some of the basic physiological, biochemical, neurological,
and behavioral questions about longer-duration spaceflight. The ani-
mal was thoroughly instrumented, and about 30 channels of tele-
metered biological data included recordings of cortical and deep-
brain electrical activity, electrooculograms, electrocardiograms,
electromyograms, brain and visceral temperatures, and respiratory
and cardiovascular functions. Provision was also made for biochem-
ical and behavioral measurements and for monitoring changes in the
capsule environment. These were the most comprehensive recordings
and measurements ever attempted on a living organism in space.
Bonny remained in orbit for nearly nine days when, because of pro-
gressive signs of deterioration from about the seventh day, he was
brought down and recovered. He died about 12 h after deorbit.
Various perturbations were noted in physiological and behavioral
functions during the flight, including disturbances in the sleep-
wakefulness cycle, desynchronization of various circadian rhythms,
decrease of body and brain temperatures, loss of fluid, increase of
central venous pressure, and other physiological changes (see “Bio-
satellite III Results,” Aerospace Med. 42:271-336, 1971). Whether
these significant changes were primarily associated with weightless-
ness or with other stresses is under debate (see, for example, “The
Future of the Bioscience Program,” Hearings before the House Sub-
committee on Space Science and Applications, Nov. 1969, U.S.
Govt. Printing Office, Washington, D.C., 1970, pp. 71-184).

In some respects the data from the Bonny experiment seem to be
in accord with fragmentary reports of difficulties encountered or
suspected in manned flights. Yet, as previously mentioned, the Rus-
sian dogs on the Cosmos 110 flight survived for 23 days in earth or-
bit, presumably without difficulty. Also, both before and after the
Bonny flight, Gemini earth-orbiting and Apollo lunar missions of up
to 14 days were accomplished successfully and apparently without
lasting detriment to the astronauts. An 18-day stay in space by two
Soviet cosmonauts on the earth-orbiting flight of Soyuz 9 was, it
seems, without mishap or serious consequence, but Soviet physiologists
associated with the flight presented cautionary reports at the 1971
COSPAR meeting (Life Sciences and Space Research, Vol. 10, in
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press). Subsequently, in 1971, three cosmonauts in Soyuz 11 ac-
complished 24 days in space, although the flight ended tragically on
re-entry because of equipment failure. (It should be emphasized that
the evaluative comments about these and other missions pertain
mainly to “mission success” rather than to perturbations and other
difficulties encountered in flight or afterward.)

It is unfortunate that the Bonny experiment could not have con-
tinued for the full 30-day mission as planned. Had Bonny’s condition
not made it advisable to terminate the flight prematurely, it is pos-
sible that the data obtained during a 30-day period of weightlessness
would have much enhanced the predictive basis for the safety, or
lack of it, of man on longer-duration missions.

Some scientists believe that it is impracticable to conduct Bonny-
type experiments over long durations in space without a human ob-
server or experimenter in attendance to care for and monitor the status
of the animal and to make necessary adjustments of the equipment.
They are dubjous about automated or semiautomated and ground-
controlled experiments on higher animals in space. In any case, since
no further experiments of this type are scheduled, it appears that the
opportunity for further U.S. flight data on higher animals will have
to await Skylab-type missions or the development of space stations
some years hence.

The most recent animal flight (November 1970) was the Orbiting
Frog Otolith experiment to study the activity of single vestibular
gravity receptors at very low g. The time course of the adaptability
curves during the 6-day orbital flight indicated that the vestibular
organs adapted, or would adapt, to weightlessness in 6 to 12 days—

a remarkable finding given that terrestrial animals have never had
exposure to weightlessness throughout evolution. In view of the fact
that these results are based on a single flight of two animals, it would
be prudent to have additional data before concluding that man’s ves-
tibular apparatus will always adapt to weightlessness.

MANNED FLIGHTS

The first manned spaceflight was made by the Soviet Union when
Yuri Gagarin was put into orbit in Vostok 1 on April 12, 1961,

and returned safely on the same day. This was followed by Gherman
Titov in Vostok 2 on August 6. In the meantime, the first U.S.
manned suborbital flight lasting 15 min was made by Alan B. Shepard,
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Jr., in the Mercury capsule Freedom 7 on May 5, 1961. Another sub-
orbital flight of the same duration was made by Virgil [. Grissom in
Mercury capsule Liberty Bell 7 on July 21, 1961.

The first U.S. manned earth-orbiting flight was made by John H.
Glenn, Jr., in Mercury Friendship 7 on February 20, 1962. Three or-
bits were made, lasting 4 h, 55 min. This was followed on May 24,
1962, by the flight of Aurora 7 with astronaut M. Scott Carpenter
on board; again three orbits were made, lasting 4 h, 56 min. Still later,
on October 3, 1962, Walter M. Schirra made six orbits of the earth,
lasting 9 h, 13 min, in Sigma 7. The last of the Mercury flights was
made by L. Gordon Cooper in Faith 7 on May 15, 1963. After 22
earth orbits lasting 34 h, 20 min in space he returned safely on May
16. The one-man Mercury flights ranging from 15 min in suborbital
flight to nearly 35 h in earth orbit demonstrated that man could tole-
rate both the high-g loads of lift-off and re-entry and several hours of
weightlessness without apparent ill effect. The two-man Gemini series
which followed gradually increased the duration in space to 14 days;
the early earth-orbiting Apollo missions provided for three astronauts
and flight durations to meet lunar orbiting and landing requirements.

In the meantime, the Soviet Union launched Vostoks 3 and 4 on
successive days, August 11 and 12, 1962, with cosmonauts Andrian
G. Nikolayev and P. Popovich on board; both returned on August 15
after three and four days aloft. Vostoks 5 and 6 carried Valery F.
Bykovsky and the first female cosmonaut, Valentina V. Tereshkova,
on June 14 and 16, 1963; both returned safely on June 19 after five
and three days aloft, respectively. These were attempts to practice
rendezvous and docking maneuvers in space, but, at the same time,
they increased the length of man’s stay in space.

Next, the Soviet Union launched the first three-manned spacecraft,
Voskhod 1, with cosmonauts Vladimir M. Komarov, Konstantin P.
Feoktistov, and Boris B. Yegorov on board, on October 12, 1964.
The first extravehicular activity (EV A) was performed by cosmonauts
Pavel 1. Belyayev and Aleksey Leonov from Voskhod 2, launched
March 18 and returned to earth on March 19, 1965.

The United States put its first two-man crew aloft March 23, 1965,
and Virgil 1. Grissom and John W. Young performed the first orbital
maneuvers in space in Gemini 3. On June 3, 1965, Gemini 4 was
launched with astronauts James A. McDivitt and Edward H. White;
they orbited the earth 62 times and performed the first U.S. EVA
maneuvers. Gemini 5, launched August 21, 1965, with L. Gordon
- Cooper, Jr., and Charles Conrad, Jr., on board, stayed up eight days,
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thus demonstrating the feasibility of flights of the duration of lunar
missions. Gemini 7 was launched December 4, 1965, with Frank Bor-
man and James A. Lovell, Jr., as its astronauts. It remained aloft for
14 days and was the target for a successful rendezvous with Gemini
6A, manned by Walter M. Schirra, Jr., and Thomas P. Stafford, which
was launched on December 15, 1965. Gemini 7 held the duration-
aloft record until it was broken by an 18-day mission of Soyuz 9,
manned by Andrian G. Nikolayev and Vitaly 1. Sevastyanov in June
1970. Gemini 7 was a notable mission in other ways for it provided
the first extensive physiological measurements on man by the United
States during a prolonged flight. As will be brought out later, these
measurements, though valuable, were very limited and came quite
late in a flight program that had gradually extended man’s stay in
space from a few minutes to several days.

We have seen how, step by step, empirical determinations of safety
and feasibility were made from first suborbital and then orbital mis-
sions of longer and longer duration, up to 14 days for the United
States in Gemini 7 and recently (June 1971) up to 24 days for the
Soviet Union in Soyuz 11. Among other things, the Soviet Union
had as a predetermined control for their extended-duration flights
the fact that the dogs Ugolyek and Veterok had successfully sus-
tained themselves for 23 days in earth orbit in Cosmos 110. In addi-
tion, they had the results from progressively extended manned flights.
It appears also that they had conducted moderately extensive physio-
logical and other measurements in ground simulation studies as well
as in flight. The U.S. program, in which engineering problems and mis-
sion goals held top priority and which relied primarily on a conserva-
tive incremental approach of progressively longer flights, had mainly
the knowledge that man had survived, apparently without detri-
ment to health. Flight-recorded or telemetered physiological data in-
cluded respiration, heart rate, blood pressure, and electroencephalo-
graphic recordings obtained during Gemini 5 and 7, heart rate and
respiration on all manned flights, and extensive preflight and post-
flight assessments on all missions. Indirectly, other data provided
some assurances since astronauts were ground-tested in all procedures
with all systems in operation prior to each flight. Also unmanned,
manned, or animal missions were sent aloft to test the functioning of
each life-support system in earth orbit as well as to test launch and re-
covery procedures. The accumulated evidence, up to the anticipated
maximal duration for Apollo missions to follow, was favorable and
provided a not unreasonable basis for moving ahead. However, when
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the incremental approach is not supplemented with extensive inflight
biomedical monitoring, it has limitations and exceptions. First, the
flights were not deep-space probes such as a lunar orbiting or landing
mission and therefore could not predict with certainty what diffi-
culties might be encountered by man physically, physiologically, or
psychologically under those conditions. Second, insufficient biochem-
ical, physiological, behavioral, and functional performance tests had
been made on man and animals in flight so that there was little scien-
tific evidence available for assuring satisfactory performance of man
on the mission, health and integrity of his bodily and central-nervous-
system functions in flight, or his health and status over time following
the mission. In calling attention to these deficiencies, one should not
lose sight of the dedicated efforts of the many individuals within and
outside the space agency to place the biomedical program on an in-
creasingly sound footing. -

Early in 1967 disaster struck both the U.S. and Soviet manned pro-
grams. In a prelaunch simulation on January 27, 1967, fire broke out
in the command module of Apollo 204, intended to become Apollo 4,
the first Apollo manned earth-orbiting test mission. Astronauts Virgil
I. Grissom, Edward H. White II, and Robert B. Chaffee were unable to
release the escape hatch and perished. The exact cause of the fire re-
mains undetermined, but the 100-percent oxygen environment under
16 psi was a contributing factor. This hazard was subsequently les-
sened by initiating a 60-40 percent oxygen-nitrogen mixture at lift-
off. The disaster experienced by the Soviet Union was the loss of cos-
monaut Vladimir M. Komarow, who, after a successful flight in Soyuz
1 launched on April 23, 1967, was killed on re-entry on April 24.
These tragic accidents caused postponement of further U.S. and
Soviet manned flights until remedial measures had been taken.

Apolio flights 4, 5, and 6 were unmanned test flights. Apollo 7,
the first manned Apollo flight, carried astronauts Walter M. Schirra,
Jr., Donn F. Eisele, and Walter Cunningham into earth orbit on Oc-
tober 11, 1968, returning safely on October 22. The astronauts de-
veloped colds in flight but successfully completed their mission which
included rendezvous maneuvers with the separated S-IVB stage and
other tests of the vehicle’s propulsion system. Apollo 8, the first
manned lunar mission, was launched on December 21, 1968. It car-
ried astronauts Frank Borman, James A. Lovell, Jr., and William A.
Anders on 10 orbits of the moon. The mission duration was 6 days,

3 h. Apollo 9, with James A. McDivitt, David R. Scott, and Russell
Schweickart, was launched into earth orbit on March 3, 1969, and



Introduction 9

returned March 13 having spent a little over 10 days in space prac-
ticing all elements of maneuvering, release, and recovery of the lu-
nar module and EV A activities. Apollo 10, crewed by astronauts
Eugene A. Cernan, John W. Young, and Thomas P. Stafford, was
launched on May 18, 1969, on an 8-day mission which included 31
orbits of the moon. The lunar module was lowered to within 50,000
ft of the moon’s surface and then returned its occupants to the com-
mand module,

In the meantime, the Soviet Union sent Soyuz 2 aloft unmanned
on QOctober 25, 1968, as a target for Soyuz 3, manned by cosmo-
naut Georgy T. Beregovoy and launched on October 26, 1968. Ren-
dezvous was accomplished, and Soyuz 2 re-entered October 28;
Soyuz 3 returned on October 30.

Probably the most famous and significant event of the space age to
date was the flight of Apollo 11 on July 16, 1969, which accom-
plished the first landing of man on the moon. On July 20,1969, astro-
nauts Neil A. Armstrong and Edwin E. Aldrin, Jr., descended in the
lunar module, Eagle, to the surface of the moon, while astronaut
Michael Collins flew the command module, Columbia, in lunar or-
bit until the moon explorers returned in Eagle to join him for the
return to earth on July 24.

In October 1969, the Soviet Union placed seven cosmonauts in
space at one time in three different spacecraft, presumably for the
purpose of rendezvous and maneuvering and possibly with the aim of
preparing for the construction of a space station. On October 11, 1969,
Soyuz 6 was launched with cosmonauts Georgy S. Shonin and Valery
N. Kubasov; on October 12 Soyuz 7 carried cosmonauts Anatoly V.
Filipchenko, Viktor V. Gorbatko, and Vladislav N. Volkov; on Octo-
ber 13 Soyuz 8 followed with cosmonauts Vladimir A. Shatalov and
Aleksey S. Yeliseyev. These spacecraft returned safely on October 16,
17, and 18.

The second lunar landing was made by astronauts Charles Conrad,
Jr., and Alan L. Bean on November 19, 1969, while Richard F. Gor-
don, Jr., piloted the Apolio 12 command module in moon orbit. The
Apollo 12 lift-off occurred on November 14, and recovery was made
on November 24. Total flight time was 10 days, 4% h; total EVaA
time on the moon was 15% h. Apollo 13 was launched April 11,
1970, with astronauts James A. Lovell, Jr., Fred W. Haise, Jr., and
John L. Swigert on board. It was to be another attempt to land on
the moon, but because of rupture of an oxygen tank en route the
mission was aborted after 56 h. Magnificent performance by the
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flight crew and Mission Control brought the Apollo 13 capsule safely
back to earth after a total flight time of approximately 143 h.

On January 31, 1971, Apollo 14 was launched toward the moon
with Allen B. Shepard, Jr., Edgar D. Mitchell, and Stuart A. Roosa as
its astronauts. While Roosa piloted the command module Kitty Hawk,
Shepard and Mitchell descended to the surface of the moon in the lu-
nar module Antares and spent 33%2 h exploring and gathering rock
samples. Apollo 14 was recovered on February 9 after about 10 days
in space.

In the interim, the Soviet Union continued its earth-orbital work
with Soyuz 9, carrying cosmonauts Andrian G. Nikolayev and Vitaly
I. Sevastyanov on a record-breaking 18-day flight, June 2-19, 1970.
Gemini 7, the preceding record holder, and Soyuz were particularly
important flights not only because of their extended durations but
because more effort was devoted to physiological and other measure-
ments in flight and to preflight and postflight testing. Summaries of
U.S. data on Gemini and Apollo missions (see Aerospace Med. 40:
762, 1969;41:500, 1970) and Soviet reports of Soyuz flights (see
especially reports on Soyuz 9 by Kakurin ef al. and Nefyodov et al.
in Life Science and Space Research, Vol. 10, in press) agree that
changes have occurred in skeletomuscular, neuromuscular, and cardio-
vascular systems and in other physiological and biochemical processes.
These changes, of both static and dynamic nature, are of sufficient
magnitude, persistence, and consistency to raise warnings and to call
for more intensive inflight and ground-based study of these problems.
Very little systematic and sophisticated observation and study of be-
havioral, psychological, and sociopsychological factors have been car-
ried out or even discussed, as these affect health, well-being, perfor-
mance, and the likelihood of mission success, especially on long-
duration missions. For this reason, considerable attention is given in
this report to these factors.

In particular, Soyuz 9 revealed significant changes in several physio-
logical systems, especially the neuromuscular, cardiovascular, and cen-
tral nervous systems. Adaptation times during the flight and re-adapta-
tion to gravity postflight were studied. In addition to loss of body
weight and fluid volume, there was loss of muscle mass, body weak-
ness and asthenia, muscle pain and increased pain sensitivity, hyper-
reflexia, and dizziness and instability in vertical posture. Some symp-
toms developed early in flight and showed adjustment after several
days, others developed only after about 13 days, and still others were
observed only upon return to the earth environment and persisted for
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10 days or more. Readjustment to earth gravity was particularly stress-
ful and distressing and led to the conclusion that the recovery phase
following longer flights would require much further study. One out-
come of this flight was an intensive effort to develop compensatory
procedures and devices to combat muscle atrophy and loss of muscle
tone, as well as cardiovascular decompensation, by pressure fittings
and supports and by a rigid regimen of exercises during flight. These
modifications were put into effect on the Soyuz 11 flight which, de-
spite its tragic ending, presumably telemetered or returned extensive
data important to the solution of some of these problems.

Evidently as a prelude to the Soyuz 11 mission, Soyuz 10 was
lofted into earth orbit on April 22, 1971, to rendezvous with the 25-
ton space station, Salyut, which was sent aloft on April 19. Soyuz 10
carried cosmonauts Vladimir Shatalov, Aleksey Yeliseyev, and Nikolai
Rukavishnikov. After 5% h of docking maneuvers with Salyut it re-
turned to earth on April 25.

The longest manned flight to date ended tragically on June 30,
1971. The three cosmonauts of Soyuz 11, Georgy T. Dobrovolsky,
Vladislav N. Volkov, and Viktor I. Patsayev, died shortly before re-
entry when their capsule depressurized because of a faulty hatch.
Available information indicates that the 24-day flight, which began
on June 6, was a successful mission in that the crew made rendezvous
with, and entered, the unmanned Salyut on June 7 for the longest
stay in earth orbit yet experienced. This represented a new phase
in manned spaceflight—development of the permanent space station.
Numerous biological, botanical, and medical experiments were con-
ducted, and major emphasis was given to investigations into decon-
ditioning and vestibular effects. According to Soviet sources, the
cosmonauts’ health underwent no significant changes during the
flight. Interestingly, the cosmonauts followed a regime of syste-
matic exercises from 2% to 4 h each day in orbit.

The most recent flight, Apollo 15, was launched on July 26, 1971,
with David R. Scott, James B. Irwin, and Alfred M. Worden on board.
On July 30, astronauts Scott and Irwin descended in the lunar module
Falcon to the moon’s surface and spent 67 h exploring and collecting
samples, utilizing the lunar Rover. After concluding their noteworthy
scientific mission on the moon, they rejoined the moon-orbiting
spaceship Endeavour piloted by Worden, who in the meantime had
photographed much of the moon’s surface, for a safe splashdown in
the Pacific after 12 days in space. Among the experiments carried out
during the flight was one particularly relevant to this study. Wearing
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black eye-shields, the astronauts observed 61 light flashes during an
hour-long test in flight beyond the earth’s magnetosphere. Frequently
reported by previous spacemen, these flashes are believed to result
from the impact of high-energy heavy cosmic rays on the retina, the
visual pathways, or the visual cortex. Further evidence along these
lines has been obtained from studies of the helmets of Apollo 8 and
12 astronauts (Comstock et al., Science 172:154-156, 1971), where
density and track formation of heavy cosmic-ray nuclei have been de-
tected and studied quantitatively. By extrapolating from the duration
of exposure on these missions to missions of 2-year duration, it is es-
timated that small, but possibly highly significant, numbers of cells
might be affected in the retina and various brain structures. Tracklike
lesions have been reported (Haymaker et al., Aerospace Med. 41:989,
1970) in the brains of monkeys exposed to primary cosmic rays. Thus
these heavy particles must be studied further with respect to the po-
tential damage they could cause on long-duration flights, and ways
must be sought to circumvent this if possible.

FUTURE MANNED SPACEFLIGHT

There has been much speculation about the future role of man in
space. The question has often arisen whether unmanned vehicles un-
der ground control are not more economical and effective in the hos-
tile space environment. Yet, the experience of the past decade sug-
gests that the man-machine combination can function more effectively
than machine alone in certain scientific missions. Thus far, with re-
spect to lunar exploration and the gathering of lunar samples, it ap-
pears that much more has been accomplished by the manned lunar
landers than by the unmanned ones, for example, the Soviet Luna 16.
The November 1970 landing by the Soviet Union of a robotlike moon-
walker (Lunakhod 1) from Luna 17 provides some hope that a ground-
controlled vehicle relatively immune from the hostile environment

and capable of moving about to collect and even analyze samples may
supplant man on lunar and other more distant missions. Nevertheless,
there still seems to be a feeling that man will eventually be used on
long-duration missions to the planets, and that with the coming of
space stations and space laboratories in earth orbit for prolonged pe-
riods of time, with space shuttles to convey men back and forth for
periods of service up to at least six months, man will find much op-
portunity to live and work in space and to perform a great variety of
meaningful physical and biological experimentation.
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Therefore, the questions that arose in 1967 and led to the request
that the present study be made of the problems to be encountered by
man on long-duration space missions seem to be as real and valid now
as they were then. Perhaps more so, for, although man has success-
fully endured up to 24 days in space, some persons believe that this
period may be approaching his duration-threshold of tolerance for
weightlessness, physiological and psychological stress, and maybe the
onset of performance deterioration. Others disagree, and the evidence
is contradictory. For example, despite more preparatory ground and
flight experimentation by the Soviet Union and deliberate efforts to
precondition cosmonauts Nikolayev and Sevastyanov for their 18-day
mission in Soyuz 9, these cosmonauts reported in subsequent talks
before the American Institute of Aeronautics and Astronautics that
they had profound disturbances in sleeping, walking, and standing
for about 10 days after they returned to earth. They lost weight,
muscle mass, and strength during the flight. On the other hand, one
would conclude from press reports on the Soyuz 11 cosmonauts that
their health and performance were unimpaired after 24 days. Both

- American astronauts and Soviet cosmonauts have been reported in
the past to have suffered fluid loss and dehydration, loss of bone
calcium, some desynchronization of circadian rhythms, development
of tachycardia on exertion, and other physiological and biochemical
changes, but it is not clear whether these changes represent an adjust-
ment to the conditions of spaceflight and reach a steady state or
whether they progress with time in space. Although none of these
symptoms appears to have interfered with the performance of the
astronuats or to have left them with any serious or lasting aftereffects,
some slips or mishaps have occurred which might have been due as
much to human error as to mechanical failure. For example, cameras
have failed to work properly, docking procedures have proved diffi-
cult at times, and other events no doubt have occurred that might
have led to errors had not ground-controlled backup been monitoring
almost every move. Again, the reverse has often been apparent, as in
the superb performance of the Apollo 13 crew in bringing back safely
their crippled craft. .

The first decade of manned spaceflight has brought stunning suc-
cesses in man’s exploration of the unknown and a basis for contem-
plating ever more ambitious enterprises into space. But man’s ability
to tolerate the space environment for long durations—for, say, one
or two years—is by no means apparent from the data accumulated
thus far. Some of these data are encouraging, others suggest potential
dangers, but from all, one fact stands out: if, indeed, the long-
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duration mission is possible, it will not be easy for man. In addition,
it will require years of concentrated research on the ground and in-
flight, into physiological and biochemical factors, behavioral and per-
formance factors, and social interaction factors under spaceflight con-
ditions. But two developing trends are especially encouraging: the
increasingly high priority being given to biomedical and human-
factors research in the remaining Apollo flights and Skylab and the
efforts by the Soviet Union and the United States toward greater
cooperation and exchange of biomedical information from manned
and unmanned flights. These must surely lead to a more systematic
appraisal of possible perturbations and difficulties occasioned by
longer-duration flights and to solutions to these problems which
would help to ensure the safety of astronauts and cosmonauts and,
in general, advance the exploration of outer space for the benefit

of all mankind.

DONALD B. LINDSLEY, Chairman
Long-Duration Missions Study



1 Summary and
Major Recommendations

This report seeks to assemble and put into initial perspective factors
that would bear on man’s participation in spaceflights of one- to two-
year duration. Its objective is to assess, insofar as present knowledge
permits, whether man’s participation is possible and feasible and to
identify major obstacles and unknowns that must be resolved. It is
not the purpose of this report to evaluate whether man ought to en-
gage in missions of long duration if he is physically and psychologi-
cally able to do so.

The intent of the recommendations in this report is to indicate the
blocks of research, roughly in order of priority, that will be most
fruitful in the years ahead in coming to grips with the problems of
long-duration missions. In this, there is little doubt in the minds of
the study participants that the difficulties are formidable, the un-
knowns significant, and the prerequisite research extensive in subject
matter.and in time needed for completion.

The types of mission in question are intentionally not specified,
despite the fact that the goals or destinations of particular missions
will clearly affect the human factors involved. For example, one or
two years in an earth-orbiting space station (unlikely, given oppor-
tunities for crew rotation, but not inconceivable) would be charac-

15
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terized by relatively spacious living conditions and comparative
freedom from threat because of rescue capabilities. A planetary

flyby or landing, requiring at least two years, would be far more
cramped and stressful, no rescue or recall would be possible during
most of the voyage, and illness or intolerable friction among crew
members could not be remedied by exchanging personnel. Manning

a lunar base would have the very different element of one-sixth
gravity rather than weightlessness. These three types of mission
would entail differing scientific and operational tasks. To emphasize
such differences would be to obscure the central similarities that will
likely govern whether men should participate in long-duration space-
flights. The similarities include: (a) the environment of space in which
man cannot survive unless encapsulated in his own life-support system—
unique components of the environment include weightlessness, high
vacuum, and radiations not normally encountered on earth; (b) con-
finement in a spacecraft of a few persons for up to two years—the
crew members must depend on the proper functioning of the space-
craft and on each other for physiological, professional, and social
support; (c) isolation from family, friends, and the outside world
except for vocal communication with ground control.

The following chapters attempt to visualize some of the many ele-
ments that would be brought to bear on man under these circum-
stances and to determine physiological and psychological influences.
Because manned spaceflights to date have been of short duration, and
because inflight biomedical and behavioral measurements have been
few, analogies are sought in the literature. Studies of isolation and
confinement, and of spaceflight simulations, are drawn on most
heavily. The last two chapters combine the material presented in the
earlier chapters into a social-system model of the capsule environment
and a synthesis of operational requirements relative to human factors.
A summary of the chapters, followed by the major recommendations
of this study, are set forth below. Additional recommendations, not
in order of priority, appear at the end of each chapter.

It would be well first to touch on the broader perspective of this
study. It will be evident that this report calls for research into a wide
range of problems, from bioinstrumentation and automated physical
examinations to small-group dynamics, development of objective per-
formance tests, criteria of habitability, relation between brain waves
and cognitive efficiency, and so forth. Some of these problems are
difficult to solve; some have only recently been recognized. Others
have been recognized for a long time, but solutions were not pressing
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as they did not impinge critically on research advances, spaceflight,
or society. Many of the latter problems are critical for long-duration
spaceflight, and some have important bearing on pressing social prob-
lems. What constitutes habitability and how it can be provided in op-
timal fashion in the face of increasing population pressures on limited
space are of very real interest to the individual apartment dweller,
housing authorities, and industrial organizations. The high cost of
medical care and shortage of doctors combined with ever-rising ex-
pectations of excellent and innovative medical care encourage the
search for alternative methods including automated techniques. The
dynamics of small groups and the factors that favor or discourage co-
operative work are of increasing import to corporations and schools
as well as to communities and families. New biofeedback techniques
that permit the individual to learn to influence his brain waves—and
other voluntary and involuntary processes—give practical importance
to the understanding of brain mechanisms that hitherto may have
seemed of purely academic interest. Perhaps it is not necessary to
labor this point further. Possibly the central point is that in today’s
society on earth we are approaching many of the conditions of the
crew in a long-duration spaceflight.

SUMMARIES OF CHAPTERS

PHYSIOLOGICAL AND MEDICAL FACTORS

Spaceflight, as practiced thus far and as envisaged for the foreseeable
future, is characterized by a physiologically restrictive environment,
due especially to weightlessness and relative inactivity. Such an en-
vironment leads to altered fluid and electrolyte balances, to general
physical deconditioning, and to deconditioning of specific physio-
logical systems, primarily the cardiovascular, musculoskeletal, meta-
bolic, and neuroendocrine systems. On Gemini and Apollo missions
ranging up to 14 days, evidence of general and specific decondition-
ing has been noted in biochemical and physiological measurements
and in symptoms reported by astronauts. Deconditioning has not
yet, apparently, resulted in deterioration of performance during
flight or in persisting impairment of health or behavior postflight.
However, if deconditioning should progress with length of stay in
space, prolonged flights could lead to performance penalties inflight
and possibly to irreversible health hazards, particularly on re-entry
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into the gravity environment. On the other hand, man’s capacity for
adaptation, coupled with appropriate countermeasures, may make
long-duration missions tolerable. The available evidence is fragmen-
tary and sometimes contradictory; thus far deconditioning has not
presented an insurmountable barrier to prolonged space missions.
Nevertheless, it is clearly of first importance to determine the limits
of deconditioning and to arrive at approaches to understand it as a
physiological phenomenon.

High-energy cosmic rays of high atomic number (high-Z particles)
are a second possible barrier to long-duration flight beyond the earth’s
magnetosphere. It is hypothesized that this radiation may have a cum-
ulative effect on nondividing cells, particularly of the central nervous
system. Investigation of these effects is in the earliest stages of de-
velopment.

Space clinical medicine is directed toward preventing the occur-
rence of medical problems in space and toward restoring to optimal
functional capability an astronaut suffering from a medical problem.
To date, owing to the brevity of space missions, there has been little
justification for providing for management of medical problems in
flight. However, the scope and responsibility of clinical medicine
will increase as missions enlarge in duration, distance, and complexity
and as they require larger crews. To this end, much effort will be
spent in coming years in identifying potential hazards that are peculiar
to space operations as well as those illnesses that might occur in the
natural history of any group of individuals. Development of optimal
means for the management of such problems in space is most im-
portant.

Prolonged missions presuppose man’s ability to perform at a high
physical and mental level throughout. It is likely that supportive
measures will be necessary to assure this capability, and that these
will be based on patient and detailed evaluation of the biomedical
status of the crew before and during the flight. The conditions of
long-duration missions strongly favor the development of automated,
noninterfering monitoring devices. The complexity and subtlety of
the biological processes involved require that a great deal of inflight
biomedical data must be assembled and analyzed in preparation for
such missions. There will be a deep and continuing interplay between
broad interdisciplinary teams, drawn from the physical and engineer-
ing sciences as much as from biomedical specialties, before these goals
in medical measurement can be accomplished.
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PHYSICAL FACTORS

During the first decade in space, overwhelming priority has naturally
been given to the engineering of the spacecraft itself and to its opera-
tional and life-support systems. Provisions for human comfort have
been incidental and secondary but have been bearable because of the
brevity of the missions. The length and stresses of prolonged space-
flight require that man’s needs be given far more attention: human-
factors requirements should be incorporated into the basic engineer-
ing design. One of these factors relates to man’s physical dimensions
and to the extent to which the physical features of the spacecraft
have been adapted to his needs and comfort. This includes the design
and configuration of the interior of the spacecraft for optimal hab-
itability, life support, safety, and operational efficiency. The design
and location of operational indicators and controls should be conso-
nant with the dimensions of the crew’s bodies, their operating posi-
tions and restraints, and the condition of weightlessness. In view of
anticipated physiological and psychological problems, provision must
be made for exercise and for personal and social adjustment.

SENSORY, PERCEPTUAL, AND MOTOR FACTORS

The ability of astronauts to perform critical tasks reliably and repeat-
edly for extended periods will depend on the efficiency and accuracy
of their sensory, perceptual, and motor processes. Ground-based stud-
ies under confinement, isolation, and sensory or perceptual depriva-
tion represent the closest available analogs to the effects that long-
duration spaceflight may have on these psychological factors. It must
be emphasized that the conditions in these short-duration experimen-
tal studies differ in some important respects from those anticipated
in long-duration flight, and that extrapolations must be made cau-
tiously. The astronauts will not be completely isolated from, or de-
prived of, sensory and perceptual experiences. However, there will
be restriction, and some deprivation, in the sense that considerably
less diversification and variation will be present than in everyday life.
Rather more important may be the monotony of repetition of lim-
ited kinds of stimulation such as continual background noises pro-
duced by the spacecraft, monotony of tactual and temperature sen-
sations, and monotony of olfactory and gustatory experiences.
Studies specifically investigating sensory and perceptual depriva-
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tion have encompassed relatively short periods of confinement, isola-
tion, and deprivation ranging from a few hours to 7 days, and in a
few instances, 14 days. They have provided varying and contradictory
results, perhaps depending upon methodological differences, degree
and length of deprivation, motivation of subjects, and other factors.
Nevertheless, some studies have revealed, under reasonably well-
controlled conditions, certain losses or changes in sensory, percep-
tual, and perceptual-motor functions if the deprivation is severe and
long enough. Among visual functions that may be affected are color
discrimination, movement perception, and imagery. Although changes
occur in brightness, depth, and form perception, they are either min-
imal or contradictory, in various studies, and do not permit general-
izations. The studies of auditory functioning have not been numerous
nor remarkable in their results. Cutaneous and kinesthetic functions
have not been markedly affected, but tactual sensitivity has shown
more consistent changes than pain and temperature sensitivity. Ol-
factory and gustatory results are sparse, inconsistent, and appear
trivial. Changes in estimation of time have been noted. Effects on
perceptual-motor performance, involving particularly speed of reac-
tion and accuracy, are somewhat contradictory and are probably
more attributable to levels of motivation, activation, and arousal
than to sensory or perceptual deprivation per se. Vigilance appears

to be affected adversely, probably for similar reasons.

The results of these short-duration studies would suggest that min-
imal and relatively insignificant changes in sensory and motor func-
tion are likely to occur during long-duration missions. Nevertheless,
further experimental effort with more reliable and valid assessment
is needed before confident predictions can be made.

MOTIVATION, COGNITION, AND SLEEP-WORK FACTORS;
CENTRAL- AND AUTONOMIC-NERVOUS-SYSTEM INDICES

Confinement and isolation, with or without sensory deprivation or
sensory restriction, usually lead to monotony and boredom, states
that are subjectively very stressful. Persons under these conditions
usually show reduced motivation for and interest in immediate tasks
and even long-term goals. There is a tendency to become more sub-
jectively and personally oriented and thus to become more subject

to psychosomatic and psychoneurotic complaints. Persons feel that
they have suffered impairment in efficiency and in higher-level in-
tellectual and cognitive functioning. Paradoxically, laboratory studies
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(all short in duration) have not revealed impairment of performance
on tasks involving immediate memory span, vigilance, complex per-
ceptual-motor skills, verbal learning, or sensory acuity; in fact, some
of these have shown improvement. The states of consciousness in-
volved here are not clearly understood. Reasonably good physical
and mental performances were maintained in a year-long Soviet con-
finement study simulating a long-duration mission.

Motivation for crew members should not be a problem, at least on
the first long flights, and individuals who cannot tolerate long con-
finement will be eliminated during training. Very little is known,
however, about optimal techniques for reducing monotony and bore-
dom during long periods of group confinement or of assuring cog-
nitive efficiency under these conditions.

Perturbations of sleep, disturbances and desynchronizations of
sleep-wakefulness cycles and other rhythms, and maladjustment to
sleep and work-rest cycles have been noted in short-duration space-
flights, although few measurements and evaluations have been made
other than the keeping of informal logs. Similar disturbances among
members of an Antarctic wintering-over party have been noted in
sleep logs and in electroencephalographic (EEG) data, as well as in
reports of malcontent and maladjustment. Changes in the EEG during
sleep (different ratios of EEG stages) and wakefulness (slowing of al-
pha waves) have been observed in persons subjected to confinement
and isolation, during laboratory studies of sensory and perceptual
deprivation.

Loss of sleep and changes in the “goodness” or quality of sleep are
apt to affect critically performances depending on immediate memory,
vigilance, and computational and decision-making tasks; problem-
solving and logical analysis are more resistant to sleep deprivation.
Work-paced monitoring tasks have not been sensitive to isolation and
confinement alone but are extremely vulnerable to sleep deprivation.

It appears that cognitive functioning, sleep, and work-rest cycles
are areas of potential difficulty in long-duration manned spaceflights.

SKILLED PERFORMANCE

The complex skills and high-level performances required of an astro-
naut may be difficult to maintain, or retain after long intervals of
disuse, during long-duration missions. Parameters affecting skilled
performance are complex and interacting; they include (2) compo-
nents of the physical environment, such as weightlessness and radia-



22  HUMAN FACTORS IN LONG-DURATION SPACEFLIGHT

tion; (b) social-environmental factors resulting from operational
demands, compatibility, and loss of sleep; (¢) psychophysiological
aspects of individual behavior, such as fatigue, diurnal and other
cycles, and nutrition; and (d) reactions to severe threat. Extreme
deviation in any parameter, or combinations of less extreme varia-
tion of many relevant parameters, could result in the degradation of
performance to a point that might impair the accomplishment of a
mission. Maintenance of proficiency under stress is a goal opposed
to the adaptive functions of all physiological and psychological de-
fenses, which may urge the individual to behavioral changes involving
control of impulse, abandonment of the task, or at least degradation
of performance.

Maintenance of skills and performance should be approached from
several sides concurrently, using measures to extend human tolerance
and human capacity as far as possible on the one hand and, on the
other, to mitigate stresses by providing optimal environmental sup-
port and facilitation. Such measures would include selection of astro-
nauts with emphasis on their tolerance to stress; conditioning and
adaptation programs; training—and overtraining—under realistic con-
ditions; nutrition; possible use of supportive drugs; protective equip-
ment, environmental engineering, and task systems engineering; psy-
chophysiological monitoring; and organization management.

SUBJECTIVE STATES

Subjective states—emotion, dreams, imagery, fantasy, hallucinations—
are of interest in long-duration spaceflight primarily from the stand-
point of possible interference with high-level performance. Space-
flights thus far have not been long enough or sufficiently possessed
of unoccupied time to provide the necessary conditions for shifting
the predominant orientation of astronauts from objectivity to sub-
jectivity. The prolonged cruise phase of a long-duration mission might
provide such conditions. The relative social isolation, confinement,
empty time, boredom, progressive reduction by habituation of objec-
tive anchoring points in the environment, changing physical state, dis-
tortion of the usual balances among sensory inputs, increased preoc-
cupation with home and loved ones, and underlying apprehensions—
these could set the stage for turning an outward orientation to an
inner, subjective one. Although the probability of such a circumstance
does not appear great, it merits consideration because it would likely
affect the astronaut’s motivation, decision-making, and collaboration
with other crew members.
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Man’s stability and equanimity in a social world and his ability to
manage his affairs depend heavily upon his maintaining an objective
orientation with respect to his experiences. All experience occurs in
the perceiver and is constructed by or occurs in the same perceptual-
cognitive neural mechanisms of the brain; the distinction between
subjective and objective experiences is whether they depend more
on internal or external stimuli. The individual learns to distinguish,
and to resolve conflicts, between them. Clarity and consistency in
recognizing external stimuli and in utilizing skills adapted to the re-
quirements of performances in the external world tend to keep a
person oriented and attuned outward. Ambiguous, unpatterned, and
unclear stimuli encourage subjective experience and allow internal
factors to dominate. The latter conditions are favored by sleep and
sensory deprivation.

Many cues and attributional processes are available to help the
individual distinguish between the two states, and coping mechanisms
draw on both subjective and objective experience to plan strategies
for dealing with reality. The efficient functioning of behavior appears
to depend on the appropriate sequencing of coping plans with respect
to internal and external demands. Given appropriate awareness of the
these factors and of the role of subjective experience, it is rather un-
likely that the select crews of long-duration missions will be unduly
affected by this problem.

GROUP PROCESSES AND INTERPERSONAL INTERACTION

The biological and health needs of man, both individually and collec-
tively, have been given extensive consideration in spaceflight pl